Although increasing evidence supports a link between epidermal growth factor receptor (EGFR) signaling and resistance to apoptosis, the mechanism by which the EGFR signaling pathway inhibits apoptosis is not well understood. In this study, we found that epidermal growth factor (EGF) stimulation increased the level of expression of the inhibitor of apoptosis protein survivin in breast cancer cells but not in normal mammary epithelial cells. We further demonstrated that activation of survivin gene expression is mediated by oxygen-independent hypoxia-inducible factor (HIF)-1␣ up-regulation in EGFtreated cancer cells. EGFR signaling activated the phosphoinositide 3-kinase/AKT pathway, subsequently increasing the level of HIF-1␣ under normoxic conditions. HIF-1␣ then activated survivin gene transcription through direct binding to the survivin promoter. Furthermore, we found that overexpression of HIF-1␣ small interfering RNA blocks EGF-induced survivin gene up-regulation and increases apoptosis induced by the chemotherapy drug docetaxel. However, transfection of a plasmid expressing HIF-1␣ gene activates survivin gene expression and reduces the apoptotic response. Our results demonstrate a novel pathway for EGFR signaling-mediated apoptosis resistance in human cancer cells. Although the role of HIF-1␣ in regulating cell survival under hypoxic conditions has been studied extensively, our results show that normoxic breast cancer cells utilize cross-talk between EGFR signals and HIF-1␣ to up-regulate the anti-apoptotic survivin gene, providing a strong rationale for the targeting of HIF-1␣ as a therapeutic approach for both hypoxic and normoxic tumor cells. Understanding key molecular events in EGFR signaling-induced apoptosis resistance should provide new information for the development of novel therapeutic agents targeting EGFR, HIF-1␣, and/or survivin.
The EGFR 2 signaling pathway plays a key role in the regulation of cell proliferation, survival, and differentiation (1, 2) . It has been shown that the level of EGFR is up-regulated in many human tumor tissues. Activation of EGFR signaling has been associated with highly aggressive cancer types and poor responses to therapeutic agents (3) (4) (5) (6) (7) . Prior preclinical and clinical studies have shown that blocking the EGFR signaling via monoclonal antibodies or inhibition of the EGFR tyrosine kinase with small molecules reduces the growth of breast cancers and sensitizes responses to chemotherapy (8 -10) .
Recently, we and others have shown that activation of the EGFR signaling pathway leads to the up-regulation of survivin, a member of the inhibitor of apoptosis (IAP) protein family (11) (12) (13) (14) . Survivin is broadly expressed in fetal tissues but is undetectable in the most normal adult tissues (15) . However, a high level of survivin is found in most common tumor types, including over 70% of human breast cancer tissues at all stages of cancer development (16 -18) . It has been shown that in breast cancer cells, levels of survivin expression correlate with susceptibility to apoptosis (17) . At present, the mechanism by which this up-regulation of survivin occurs in tumor cells having activated EGFR signaling is not fully understood. Recent studies have suggested, however, that activation of the phosphoinositide 3-kinase (PI3K)/AKT pathway by EGFR signaling causes up-regulation of survivin expression (12, 13) . It is still unknown how PI3K/AKT signaling leads to survivin gene transcription.
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under hypoxic conditions (22) . Our previous study results have shown that survivin gene transcription is increased in hypoxic tumor cells (23) . Due to the combined results of these studies, we speculated that the observed EGFR signaling-induced survivin gene expression might be mediated by transcriptional activity of HIF-1␣ in an oxygen-independent manner. In this study, we examined the effects of EGFR activation on the apoptotic response and survivin gene expression in human breast cancer cells. We found that EGF stimulation increases survivin gene expression specifically in breast cancer but does not in normal breast cells. Up-regulation of survivin gene expression reduces apoptosis induced by the chemotherapeutic drug docetaxel. We also discovered that in breast cancer cells, EGF up-regulates the level of HIF-1␣ and that by down-regulation of HIF-1␣ using HIF-1␣ siRNA, we could significantly decrease those EGF-induced levels of survivin expression. Thus, cross-talk or a feedback loop between EGFR activation and HIF-1␣ expression is implied. Furthermore, we demonstrated direct binding of HIF-1␣ to the survivin promoter, which strongly suggests that EGF-activated survivin gene expression is indeed mediated by induction of transcriptional activity of HIF-1␣ under normoxic conditions.
MATERIALS AND METHODS
Cell Lines-Normal immortalized human mammary epithelial cell line MCF-10A and breast cancer cell lines SK-BR-3, MDA-MB-231, and MCF-7 were obtained from the ATCC (Manassas, VA). SK-BR-3 and MDA-MB-231 cells were maintained in RPMI 1640, and MCF-7 cells were maintained in Dulbecco's modified Eagle's medium/F-12 medium (50:50; Mediatech) supplemented with 10 g/ml of insulin. All of the above media were supplemented with 10% fetal bovine serum (FBS) (Hyclone, Logan, UT) as well as 2 mM L-glutamine, 100 IU/ml penicillin, and 100 g/ml streptomycin (Mediatech Herndon, VA). MCF-10A cells were cultured in Dulbecco's modified Eagle's medium/Ham's F-12 medium supplemented with 20 ng/ml EGF, 500 ng/ml hydrocortisone, 100 ng/ml cholera toxin, 10 g/ml insulin, 2 mM L-glutamine, and 5% FBS.
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide (MTT) Cell Proliferation Assay-To measure the effects of EGF alone or in combination with docetaxel on breast cancer cells, 8 ϫ 10 3 cells/well of MCF-7 and SK-BR-3 cells were plated in 96-well plates and cultured in the medium containing EGF and/or docetaxel (Aventis Pharma, Bridgewater, NJ) in various combinations of the drugs for 3 days. The percentage of viable cells in each well was examined by an MTT cell proliferation assay (Sigma), and the remaining viable cells were determined using Spectra Max Plus (Molecular Devices, Sunnyvale, CA).
Transfection-Plasmids expressing a full-length HIF-1␣ cDNA gene were provided by Dr. Hua Zhong (Emory University, Atlanta, GA). The control empty pcDNA3 or pHIF-1␣ plasmids were transfected into cultured tumor or normal cell lines in 6-well tissue culture plates using Lipofectamine 2000 (Invitrogen). Some groups of the plasmid-transfected cells were treated with docetaxel in the absence or presence of 100 ng/ml human EGF. Twenty-four hours after transfection, the cells were collected for Western blot analysis to determine the levels of HIF-1␣ and survivin proteins or FACScan analysis for the percentage of the apoptotic cells.
Apoptosis Assay-Cellular apoptosis was determined using Annexin V-phycoerythrin (PE) and 7-amino-actinomycin D (7-AAD) (BD Biosciences). SK-BR-3 and MCF-7 cells were treated for 3 days with 25 or 50 nM of docetaxel in the absence or presence of 100 ng/ml EGF. Floating and adherent cells were labeled with Annexin V-PE and 7-AAD and then analyzed by FACScan (BD Biosciences) to determine the percentage of apoptotic cells.
Real Time Reverse Transcription-PCR-Total RNAs were isolated using the RNA Bee kit (Tel-test, Friendswood, TX). Each 2-g sample of RNA was amplified with the Omniscript RT kit using an oligo(dT) primer (Qiagen Inc., Valencia, CA) to generate 20 l of cDNAs. A 1-2-l sample of the cDNA was then quantified by real time PCR using primer pairs for survivin or ␤-actin with SYBR Green PCR Master mix. Real time PCR was performed using the ABI PRISM 7000 sequence detection system (Applied Biosystems, Foster City, CA). The primer pairs for detection of survivin gene expression were as follows: survivin forward, 5Ј-TCCACTGCCCCACTGAGAAC-3Ј; surviving reverse, 5Ј-TGGCTCCCAGCCTCCA-3Ј. These amplify a 77-nt PCR product located at nt 130 -206 of the survivin mRNA. Amplification of the ␤-actin gene was used as an internal control for real time reverse transcription-PCR. The primer pair for the ␤-actin gene was as follows: forward, 5Ј-AAAGA-CCTGTACGCCAACACAGTGCTGTCTGG-3Ј; reverse, 5Ј-CGTCATACTCCTGCTTGCTGATCCACATCTGC-3Ј, which generates a 219-nt PCR product from nt 870 to 1089 of the ␤-actin mRNA sequence. The quantity of PCR product generated from amplification of the survivin gene was standardized using the quantity of ␤-actin product for each sample to obtain a relative level of gene expression.
Western Blot Analysis-For the various treatments described, cells were cultured in medium containing 10% serum and then changed to medium containing 2% serum or no serum when treated with 100 ng/ml human EGF (Invitrogen) and/or docetaxel. Inhibitors for PI3K (LY294002), MAPK (PD98059), and EGFR (AG1478) were obtained from Calbiochem. At the end of the assay, cells were lysed in lysis buffer, and Western blot analysis was performed as previously described (18) . The detection antibodies for phosphoserine 473 Akt, p44/p42 MAPK, XIAP, and cleaved caspase-3 were from Cell Signaling Technology Inc. (Beverly, MA). Goat anti-human survivin (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) and mouse monoclonal anti-␤-actin antibody (Sigma) were also used.
Caspase Activity Assay-Cells were treated with or without docetaxel, in the absence or presence of 100 ng/ml human EGF, for a period of 2 days. Cells were collected, and their lysates were examined for caspase-3-like activity using a specific substrate, Ac-DEVD-7-amino-4-trifluoromethylcoumarin, which detects the activities of caspase-3, caspase-7, caspase-10, or caspase-9 activity using Ac-LEHD-7-amino-4-trifluoromethylcoumarin, according to a standard protocol (Calbiochem). The results were measured using a Spectra Max fluorescence microplate reader (Molecular Devices). For each experiment, control groups with specific caspase inhibitors, including caspase-3 inhibitor (benzyloxycarbonyl-DEVD-aldehyde; BD Biosciences) and caspase-9 inhibitor (benzyloxycarbonyl-LEHD-aldehyde; Alexis Biochemicals, San Diego, CA), were done to ensure the specificity of the assay.
Chromatin Immunoprecipitation (ChIP) Assay-To demonstrate direct binding of HIF-1␣ protein to the survivin promoter region in EGF-stimulated cancer cells, the SK-BR-3 cells were treated with 100 ng/ml EGF for 4 h. After cross-linking chromatin with proteins by 1% of formaldehyde, the assay was performed using a ChIP assay kit from Upstate (Charlottesville, VA), according to the company's protocol. A monoclonal anti-HIF-1␣ antibody (BD Biosciences) was added to precipitate the protein-chromatin complexes. A PCR primer pair for amplification of a 230-nt survivin promoter fragment is as follows: forward primer, 5Ј-GCGTTCTTTGAAAGCAGT-3Ј; reverse primer, 5Ј-ATCTGGCGGTTAATGGCG-3Ј.
Modified McKay Assay-A core survivin promoter containing 269 nt of the 5Ј-flanking region of the survivin gene was cut out from a survivin promoter-luciferase reporter plasmid (pluc-cyc1.2) (23). A DNA fragment containing six repeats of the hypoxia-responsive element (HRE) of vascular endothelial growth factor (VEGF) was also cut from pBI-GL V6R plasmid (23) as a positive control. The purified promoter fragments were 5Ј-end-labeled with [␥-32 P]dATP using T4 polynucleotide kinase (New England Biolabs, Ipswich, MA). The radiolabeled promoter fragments were then incubated with nuclear extracts obtained from breast cancer cells treated with or without 100 ng/ml EGF in a 1ϫ binding buffer containing 10 mM Tris-HCl (pH 8.0), 150 mM KCl, 0.5 mM EDTA, 0.1% Triton X-100, 12.5% glycerol, and 0.2 mM dithiothreitol on ice for 1 h. Protein A-Sepharose beads conjugated with monoclonal anti-HIF-1␣ antibody were added to precipitate the protein-DNA complexes. After washing for three times with a 1ϫ TE buffer containing 10 mM Tris-HCl (pH 7.5) and 1 mM EDTA, the final pellet was resuspended in a 0.1 M NaHCO 3 , 0.1% SDS, 1ϫ sample buffer and heated to 65°C for 2 min. Then the protein A-Sepharose beads were pelleted, and the supernatant was analyzed by electrophoresis on a 1.4% agarose gel followed by autoradiography to determine whether the EGF-induced HIF-1␣ protein had bound to the survivin promoter DNA fragments.
Luciferase Assay-The effect of EGF stimulation on survivin promoter activity was determined in breast cancer cells after transfecting pluc cyc-1.2 plasmid, a survivin promoter-luciferase reporter plasmid (23), for 24 h, followed by EGF treatment for 4 h. A pRL-SV-40 plasmid that expresses a Renilla luciferase gene (Promega, Madison, WI) was also cotransfected for all studies as an internal control. To determine whether direct overexpression of the HIF-1␣ gene activates the survivin promoter, breast cancer and normal cells were cotransfected with pluc cyc-1.2 and pHIF-1␣ plasmids for 24 h. The ability of direct activation of HRE by EGF-induced HIF-1␣ was demonstrated using a MDA-MB-231 cell line, stably transfected with pBI-GL V6R plasmid containing six copies of HRE fragments of the VEGF gene and a firefly luciferase reporter gene (24) (provided by Dr. Hyunsuk Shim at Emory University). The transfected cells or MDA-MB-231 stable cells were cultured in the absence or presence of 100 ng/ml of EGF for 45 min. After various treatments as described above, the promoter activity of the cell lysates was determined using a dual luciferase activity assay kit from Promega.
Production of Adenoviral Vectors Expressing HIF-1␣ siRNA-Plasmid vectors containing either HIF-1␣ siRNA sequence 5Ј-CAGTGGATTACCACAGCTGA-3Ј or survivin siRNA 5Ј-GGCTGGCTTCATCCACTGCCC-3Ј were generated by cloning the synthesized oligonucleotide into pSilencer 2.1-U6 Neo plasmid (Ambion Inc., Austin, TX). Control pSilencer 2.1-U6 Neo plasmid vector containing a scrambled siRNA sequence, 5Ј-ACTACCGTTGTTATAGGTGT-3Ј, was obtained from the company. Adenoviral vectors expressing siRNA to HIF-1␣ and control siRNA were produced by cloning a HindIII-EcoRI fragment from pSilencer 2.1-U6 Neo plasmid, which contains a U6-promoter-siRNA cassette (HIF-1␣ or control siRNA), to a pcDNA3 HindIII-EcoRI site and then transferring the NotI-HindIII fragment from the pcDNA3 to the pAdtrack plasmid (25) . After performing homologous recombination with an AdEasy adenoviral DNA backbone, the viral vectors were produced by transfecting into the human embryonic kidney cell line 293 (ATCC). The AdEasy system was provided by Dr. Bert Vogelstein at The Johns Hopkins University. Additional vector amplification was also performed in the 293 cell line. High titer viral vectors were purified by centrifugation and CsCI banding.
To determine the effect of down-regulation of HIF-1␣ on tumor cells, 2 ϫ 10 5 tumor cells/well were first cultured in 6-well plates and then transduced with Ad HIF-1␣ siRNA or Ad Control siRNA vectors. 24 h after transduction, cells were cultured in serum-free medium overnight and treated with (or without) EGF for 45 min. Some groups received cotransfection of pSilencer HIF-1␣ siRNA and pHIF-1␣ plasmids to determine whether overexpression of HIF-1␣ gene could rescue HIF-1␣ siRNA-mediated down-regulation of survivin in EGF-treated cells. Last, collected cell lysates were examined for the levels of both HIF-1␣ and survivin by Western blot analysis.
To examine the effect of EGF-induced HIF-1␣ and survivin on apoptotic death in breast cancer cells after docetaxel treatment, 5 ϫ 10 4 /well of MCF-7, SK-BR-3, and MDA-MB-231 cells were plated in 12-well tissue culture plates. Cells were then transduced with AdControl siRNA or AdHIF-1␣ siRNA vector. Some treatment groups were transfected with psilencer 2.1 U6-survivin siRNA plasmids. Following a 2-day treatment with docetaxel, the percentage of remaining viable cells was examined using an MTT cell proliferation assay.
RESULTS

EGF Stimulation Decreased Docetaxel-induced Apoptotic
Response in Breast Cancer Cells-In order to determine the effect of activation of the EGFR signaling pathway on the apoptotic response in human cancer cells, we treated the human breast cancer cell lines SK-BR-3 and MCF-7 with a chemotherapeutic drug, docetaxel, in the absence or presence of human recombinant EGF. Previous reports have shown that SK-BR-3 cells have high levels of EGFR and Her-2/neu expression, whereas MCF-7 cells express low levels of EGFR and Her-2/neu (26) . We chose those two cell lines to determine whether the levels of the EGF receptors present affect the EGF-induced apoptotic response. After treating the cancer cells with docetaxel in the absence or presence of EGF for 2 days, the percentage of apoptotic cells was determined using Annexin V-PE and 7-AAD staining followed by FACScan analysis. We found that the presence of EGF markedly decreased the percentage of apoptotic cell death induced by docetaxel. EGF treatment reduced the percentage of apoptotic cells present from 16 to 9% for MCF-7 cells and from 42 to 15% for SK-BR-3 cells ( Fig. 1A) . Additionally, we found that EGF decreased the rate of spontaneous apoptosis in both cell lines ( Fig. 1A) . Consistent with the results from the apoptosis assay, we found that EGF stimulation significantly decreased sensitivity of SK-BR-3 and MCF-7 cells to docetaxel as detected by the MTT cell proliferation assay (Fig. 1B) . Furthermore, we found that EGF-induced resistance to apoptosis was detected in breast cancer cell lines expressing both a high level of EGFR (SK-BR-3) and a low level of EGFR (MCF-7).
To elucidate the mechanism of apoptosis resistance, we examined changes in regulation of apoptotic signals in EGF-stimulated cancer cells. Since caspase activation is a critical step in induction of apoptotic cell death, we first examined caspase-3-like and caspase-9 activities in MDA-MB-231 and SK-BR-3 cell lines 2 days after docetaxel treatment. As expected, docetaxel increased these caspase activities in both tumor cell lines. However, in the presence of EGF, the docetaxelinduced caspase-3-like and caspase-9 activities were markedly inhibited ( Fig. 1C ), suggesting that the EGFinduced resistance to apoptosis by docetaxel is mediated through inhibition of caspase activity.
EGF Up-regulates Survivin Expression in Human Breast Cancer Cells-It is well known that the IAPs block apoptotic signaling through inhibition of caspase activity (27) . To determine whether IAPs play a role in inhibition of caspases in tumor cells having an activated EGFR signal, we examined changes in the level of an important IAP family protein, survivin, in both breast cancer and normal cell lines following EGF treatment. Our results from Western blot analysis demonstrated that EGF stimulation did increase the level of survivin protein in three breast cancer cell lines, including MDA-MB-231, SK-BR-3, and MCF-7 ( Fig. 2A ). Interestingly, survivin was not detected in the immortalized normal human mammary epithelial cell line MCF-10A, and EGF treatment failed to induce any survivin expression ( Fig. 2A ). To and late stage (Annexin ϩ , 7-AAD ϩ ) apoptotic cells. B, EGF stimulation decreases the sensitivity of human breast cancer cells to docetaxel treatment. Cancer cells cultured in 96-well plates were treated for 3 days with the reagents as described above. The percentage of remaining viable cells was determined using a MTT cell proliferation assay. The results of this assay are expressed relative to the cell density of untreated cells. Each value in the graph represents the mean Ϯ S.D. of five repeat samples. An asterisk indicates a significant difference when compared with the control value (*, p Ͻ 0.05; **, p Ͻ 0.001). C, activation of the EGFR signal inhibits docetaxel-induced caspase activity. The cells were treated with docetaxel in the absence or presence of EGF for 3 days. 25 g of proteins from their total cell lysates were examined for caspase-3-like or caspase-9 activity using substrates specific for these caspases. Fluorescence intensity was measured by a fluorescence microplate reader. The numbers in the figure represent mean values Ϯ S.D. from three repeat groups. FIGURE 2. EGF stimulation increases the levels of survivin expression in breast cancer cells. Cells were cultured in 2% FBS medium overnight, followed by treatment with human EGF at 100 ng/ml for 45 min to 4 h. A, examination of the level of survivin protein (16.5 kDa) in breast cancer and normal cell lines following EGF stimulation for 45 min by Western blot analysis. B, EGF stimulation activates survivin promoter activity. SK-BR-3 cells were transfected with a survivin promoter luciferase reporter plasmid (pluc cyc1.2) for 24 h and then treated with EGF for 4 h. The cell lysates were collected for the luciferase assay. C, total RNAs were isolated and analyzed by real time reverse transcription-PCR, as described under "Experimental Procedures," to determine changes in the level of survivin mRNA after EGF treatment. EGF stimulation increases the levels of survivin mRNA in both MCF-7 and SK-BR-3 cell lines. Additionally, docetaxel treatment could also up-regulate survivin gene expression, and its expression level is further enhanced in the presence of EGF. The relative level of survivin mRNA is a ratio of the quantity of survivin to ␤-actin PCR products. A mean value of three repeat samples is shown. SEPTEMBER 8, 2006 • VOLUME 281 • NUMBER 36 JOURNAL OF BIOLOGICAL CHEMISTRY 25907 determine the mechanism of survivin up-regulation, we further examined survivin promoter activity and the level of survivin mRNA in EGF-treated cells. Using a luciferase reporter plasmid containing a 269-nt survivin core promoter fragment, we found a marked increase in survivin promoter activity in EGF-stimulated SK-BR-3 cells (Fig. 2B) . Consistent with the level of survivin protein, survivin mRNA was elevated in the EGF-treated SK-BR-3 and MCF-7 cells (Fig. 2C ) detected by real time reverse transcription-PCR. Additionally, we found that treatment of the cells by docetaxel increases the levels of survivin gene expression. A combined effect of docetaxel and EGF treatment further increased the level of survivin gene expression ( Fig. 2C) .
Cross-talk of EGFR and HIF-1 Affects Survivin Expression
Determination of Signaling Pathways Responsible for EGFinduced Survivin Gene Up-regulation-It is well known that EGFR signaling leads to the activation of both PI3K/AKT and MAPK pathways. We examined the roles of these pathways in the EGF-induced survivin expression in breast cancer cells. As expected, we observed increases in the levels of p-AKT and p44/42 MAPK in EGF-treated cells. Although the level of survivin expression was also up-regulated in those cells, the level of another IAP protein, XIAP, remained unaffected by EGF treatment (Fig. 3) .
After pretreatment of the cancer cells with either the PI3K inhibitor LY294002 or the MAPK inhibitor PD98059, we were able to achieve marked reductions in the levels of p-AKT and p44/42 MAPK present in EGF-treated SK-BR-3 and MCF-7 cells. Furthermore, we found that inhibition of p-AKT completely prevented EGF-up-regulated survivin expression in both the SK-BR-3 and MCF-7 cell lines ( Fig. 3 ). However, we believe that activation of AKT is probably not required for maintaining a basal level of survivin expression in these cancer cells, since similar levels of survivin expression were detected in both control cells and cells treated only with PI3K inhibitor (Fig. 3 ).
EGF stimulation also increased the level of p44/42 MAPK in SK-BR-3 and MCF-7 cell lines, with SK-BR-3 cells showing a very high level of up-regulation ( Fig. 3 ). Blocking the MAPK pathway with PD98059 inhibited the level of p44/42 MAPK in both cell lines. The fact that a significant reduction of survivin was seen in the MAPK-blocked, EGF-treated SK-BR-3 cells suggests that both the AKT and MAPK pathways are involved in EGF-induced survivin up-regulation ( Fig. 3) .
After treating the cancer cells with EGF in the absence or presence of the EGFR inhibitor AG1478, we found that AG1478 counteracted the effects of EGF on survivin expression in both SK-BR-3 and MCF-7 cells. However, AG1478 treatment alone had no significant effects on the basal levels of survivin protein in these cells (Fig. 3) .
EGF-induced HIF-1␣ Up-regulates Survivin Expression in Breast Cancer Cells-Previous reports have shown that activation of EGFR signaling can induce HIF-1␣ in human tumor cells under normoxic conditions (20, 21) . We previously found that survivin promoter activity is up-regulated in hypoxic tumor cells (23) . To determine if the EGFR signaling-induced HIF-1␣ is a mediator for survivin gene expression, we first examined the changes in both HIF-1␣ and survivin levels in breast cancer cells after EGF treatment. Western blot analysis did show that EGF treatment induces high levels of both HIF-1␣ and survivin expression in breast cancer cells (Fig. 4A ). We further found that transfection of the plasmids expressing a HIF-1␣ gene into cells increases the levels of HIF-1␣ in both breast cancer SK-BR-3 and normal breast MCF-10A cell lines. However, up-regulation of the level of survivin protein is only detected in SK-BR-3 cells. This result provides direct evidence supporting HIF-1␣-mediated survivin up-regulation. Additionally, the absence of survivin expression in HIF-1␣-transfected MCF-10 A cells suggests that intrinsic transcriptional inhibitory factors prevent the basal level as well as HIF-1␣-induced survivin transcription in normal cells.
We then transduced the cells for 48 h with adenoviral vectors expressing either HIF-1␣ siRNA or control siRNA. Next, the transduced cells were treated with or without EGF for 45 min before they were collected. The resulting cell lysates were analyzed by Western blot for the levels of HIF-1␣ and survivin. We found that overexpression of HIF-1␣ siRNA markedly reduced EGF-induced HIF-1␣. Meanwhile, EGF-induced up-regulation of survivin expression was completely blocked by the HIF-1␣ siRNA (Fig. 4B ). To further demonstrate the critical role for HIF-1␣ in regulating survivin gene transcription, we co-expressed HIF-1␣ siRNA and HIF-1␣ gene plasmids in MCF-7 cells. 24 h after transfection, the cells were treated with EGF and collected for Western blot analysis. In the presence of excessive amounts of HIF-1␣, expression of HIF-1␣ siRNA could no longer block EGF-induced survivin down-regulation ( Fig. 4C) , supporting direct involvement of HIF-1␣ in EGF-activated survivin expression.
HIF-1␣ Activates Gene Transcription through Direct Interaction with the Survivin Promoter-At present, the mechanisms by which cellular factors may regulate survivin gene expression
are not fully understood. Our previous study identifies a 269-nt DNA fragment located at the 5Ј-flanking region of the survivin gene that is able to activate tumor-specific gene transcription, exhibiting enhanced promoter activity under hypoxic conditions (23) . To determine whether the EGF-activated survivin gene transcription is mediated by transcriptional activity of HIF-1␣, we first analyzed the survivin core promoter sequences and found a putative HRE, 5Ј-GCGTG-3Ј, located at nt Ϫ81 to Ϫ85 of the 5Ј-flanking region of the survivin gene (Fig. 5A) . To demonstrate the binding of HIF-1␣ to the survivin promoter in living cells, we performed a ChIP assay in MCF-7 cells with or without EGF treatment. In the chromatin fraction pulled down by an anti-HIF-1␣ antibody, we detected a higher level of the survivin promoter PCR fragments in EGF-treated cells than that in control cells (Fig. 5B ). However, survivin promoter PCR fragments were not found in samples pulled down by a control IgG antibody.
To further confirm direct binding of HIF-1␣ to the survivin core promoter, we used a modified McKay assay (28) to pull down survivin promoter DNA fragments (Fig. 5C ). Our results demonstrated that the survivin promoter fragments did bind to the HIF-1␣ protein and could be pulled down by HIF-1␣ antibody. EGF-treated cell lysates showed much higher levels of these survivin promoter fragments as compared with control groups in both breast cancer cell lines (Fig. 5C ). Since there is a moderate basal level of HIF-1␣ found in those tumor cells, we also detected low to intermediate levels of survivin promoter fragments in our control groups (Fig. 5C ).
To determine whether the binding of HIF-1␣ to the survivin promoter actually could activate the promoter activity, we cotransfected pHIF-1␣ plasmid with survivin promoter reporter pluc cyc1.2 plasmid into breast normal and cancer cell lines. We found that overexpression of the HIF-1␣ gene markedly increased the survivin promoter activity in breast cancer MCF-7 cells but not in normal breast MCF-10A cells (Fig. 5D ). Next, we wanted to determine if EGF-induced HIF-1␣ interacts with the HRE site under normoxic conditions to activate the gene transcription. We used the human breast cancer cell line MDA-MB-231, stably transfected with a luciferase reporter plasmid containing six copies of the HRE fragment of the VEGF gene. These cells were treated with EGF in normoxia, and the resultant luciferase activity was measured in cell lysates. We found that EGF-induced HIF-1␣ was able to activate the HREmediated transcription of the luciferase gene, suggesting that under normoxic conditions, HIF-1␣ can bind to the HRE site and activate HRE-mediated gene transcription (Fig. 5D) .
Overexpression of the HIF-1␣ Gene Inhibits Docetaxel-induced Apoptosis under Normoxic Conditions-To establish a direct link between EGF-induced HIF-1␣ up-regulation and resistance to apoptosis, we transfected SK-BR-3 cells with pHIF-1␣ plasmids and then treated the cells with docetaxel in the absence or presence of EGF for 24 h. The cells were collected for Annexin V-PE staining and FACScan analysis of the percentage of apoptotic cells. We found that overexpression of the HIF-1␣ gene reduced the percentage of docetaxel-induced apoptotic cells from 34 to 24%. The combination of overexpression of the HIF-1␣ gene with EGF treatment further enhanced the inhibitory effect on apoptosis ( Fig. 6 ), suggesting that HIF-1␣ is a key mediator for EGF-induced resistance to apoptosis.
Down-regulation of the Levels of HIF-1␣ or Survivin Gene Expression Reverses EGF-induced Resistance to Apoptosis-To
further demonstrate that EGF-induced resistance to apoptosis is indeed the result of up-regulation of HIF-1␣, which consequently activates survivin gene expression, we examined the effects of HIF-1␣ down-regulation, using HIF-1␣ or survivin siRNA, on overall sensitivity to apoptosis induction. We found that expression of HIF-1␣ siRNA using adenoviral vectors in the no treatment control and the EGF-treated SK-BR-3 cells induced 8 -10-fold increases in caspase-3-like activity as compared with control siRNA vector-containing cells (Fig. 7A) . Furthermore, the presence of HIF-1␣ siRNA enhanced 2.5 times the level of active caspase-3 induced by docetaxel treatment. Although co-treatment with EGF reduced the docetaxelinduced caspase-3 activity, down-regulation of HIF-1␣ with siRNA completely reversed the ability of exogenous EGF to induce resistance to docetaxel (Fig. 7A) . The changes in caspase-3 activity among the different treatment groups were also correlated with the percentage of apoptotic cell death in the cells. As shown in Fig. 7B , overexpression of HIF-1␣ siRNA significantly increased apoptotic cell death in docetaxel-treated cells by 18% (p ϭ 0.006, Student's t test). EGF treatment protected the cells from docetaxel-induced apoptosis and increased the percentage of viable cells from 37% in the group without EGF to 57% in EGF-treated cells (Fig. 7B, p ϭ 0.01) . Importantly, overexpression of HIF-1␣ siRNA significantly reduced the EGF-induced resistance to docetaxel, since there was a 44% decrease in the percentage of viable cells in the AdHIF-1␣ siRNA-transduced cells when compared with control siRNA-transduced cells (p Ͻ 0.0001, Student's t test). We also examined the effect of direct inhibition of survivin gene expression on EGF-induced resistance to apoptosis. We found that expression of survivin siRNA significantly sensitized SK-BR-3 cells to docetaxel treatment (Fig. 7C, p ϭ 0.0004, Student's t test) . Downregulation of survivin expression also increased docetaxel-induced cell death even in the presence of EGF stimulation (Fig. 7C , p ϭ FIGURE 5. Determination of the mechanism of HIF-1␣-activated survivin gene expression. A, DNA sequence of the survivin core promoter. A putative HRE site, located at Ϫ81 to Ϫ85 nt, is marked in the promoter sequence. B, detection of the binding of HIF-1␣ to the survivin promoter in breast cancer cells using a ChIP assay. SK-BR-3 cells were treated with or without EGF for 4 h. A ChIP assay was then performed. 230-nt PCR products of the survivin promoter were only detectable in the samples pulled down by HIF-1␣ antibody and not in control IgG samples. A marked higher level of the survivin promoter PCR products was seen in the EGF-treated sample compared with the no treatment sample. C, modified McKay assay for detection of the binding of HIF-1␣ to the survivin promoter. Cancer cells were treated with or without EGF for 45 min, and nuclear extracts were incubated with 269-nt radiolabeled survivin promoter fragments, and the resulting HIF-1-DNA complexes were pulled down using anti-HIF-1␣ antibody-conjugated Protein A beads. As shown, a high level of HIF-1␣-survivin promoter complexes was found following incubation with nuclear extracts from EGF-treated breast cancer cells. The binding specificity was further demonstrated by the absence of survivin promoter bands in samples with a 10 times excess of unlabeled (cold) survivin promoter fragments or using nonspecific mouse IgG-conjugated Protein A beads. A DNA fragment containing six repeats of the HRE fragments of the human VEGF promoter was used as a positive control. D, luciferase activity assay. Overexpression of the HIF-1␣ gene after co-transfection of pHIF-1␣ and pluc cyc1.2 increases survivin promoter activity in MCF-7 tumor cells but fails to induce the promoter activity in normal MCF-10A cells. EGF-induced HIF-1␣ was able to bind to the HRE and activate firefly luciferase gene expression under normoxic conditions, since luciferase activity was increased in the cell lysates from EGF-treated MDA-MB-231 cells stably transfected with pBI-GL-V6R plasmid, which has six repeats of VEGF HRE fragments.
FIGURE 6. Examination of the effect of overexpression of HIF-1␣ gene on docetaxel-induced apoptosis by FACScan analysis.
Breast cancer SK-BR-3 cells, transfected with pHIF-1␣ or control pcDNA3 plasmids for 24 h, were treated with 25 nM docetaxel in the absence or presence of 100 ng/ml of EGF for an additional 24 h. Both floating and adhesive cells were collected for Annexin V-PE and 7-AAD staining followed by FACScan analysis. Expression of the HIF-1␣ gene reduced the percentage of docetaxel-induced apoptosis. The combination of EGF activation with HIF-1␣ gene expression further increased the inhibition effects. Since the cells were cultured in the medium containing 2% of FBS due to EGF treatment, we observed a relatively high level of the basal level of apoptosis in pcDNA3 control plasmid-transfected cells. The number in the figure is the mean value Ϯ S.D. from three repeat samples. 0.0003, Student's t test). Therefore, our results strongly supported a role for HIF-1␣-mediated survivin up-regulation in EGF-induced resistance to apoptosis in breast cancer cells.
DISCUSSION
Overexpression of EGFR and activation of the EGFR signaling pathway are found in a high percentage of human breast cancer tissues and have been associated with poor prognosis for the patients (3, 5, 7, 29) . Although EGFR signaling, including activation of EGFR and Her-2/neu, is known to confer resistance to apoptosis in cancer cells (30, 31) , the exact mechanism by which EGFR signaling regulates the apoptotic pathway has yet to be elucidated.
In this study, we have examined the effects of the activation of EGFR signaling on the apoptotic response in human breast cancer cell lines. We have shown that EGF stimulation reduces the sensitivity of breast cancer cells to docetaxel, a chemotherapeutic drug that is commonly used for treatment of breast cancer. We have further demonstrated that decreased drug sensitivity is the result of inhibition of the activities of caspase-3 and caspase-9, which consequently causes the observed resistance to apoptosis in EGF-treated breast cancer cells.
IAP proteins, including survivin and XIAP, are known to act as caspase inhibitors, blocking caspase activation and further inhibiting activities of the activated caspases (27, 32, 33) . Recent studies, including ours, have shown that activation of EGFR leads to upregulation of survivin expression (11) (12) (13) (14) . Additionally, it has been demonstrated that overexpression of Her-2/neu and EGFR genes increases survivin expression and apoptosis resistance in breast cancer cell lines (11) . Results from examination of 195 cases of human invasive breast cancer tissues indicated that up-regulation of survivin by EGFR signaling is not just a phenomenon seen in cancer cell lines in vitro. In fact, about 80% of the tumors were also found to be positive for survivin, and its expression level was correlated with co-expression of Her-2/neu and EGFR (11) .
Our current study has further demonstrated that EGF stimulation induces survivin expression at both the mRNA and protein levels in breast cancer cells but not in normal mammary epithelial cells. It is possible that the much higher levels of EGFR seen in many breast cancer cell lines as compared with normal cells contribute in part to the difference in the response to EGF treatment. However, lower levels of EGFR may not be the only reason for these differences, since the MCF-7 cell line expresses a low level of EGFR but exhibits a similar effect as two other tumor cell lines expressing high levels of EGFR and/or Her-2/neu (34) . The intrinsic properties of breast cancer cells may determine the responsiveness to activation of EGFR and up-regulation of survivin gene expression, since survivin is not detected in normal breast tissues, and cultured normal mammary epithelial cells either express a very low level or lack survivin gene expression (23) .
It has been shown that the XIAP, a strong caspase inhibitor, prevents activation of caspase-3 by blocking caspase-9 activity as well as binding to activated caspase-3 (35) . Interestingly, we found that EGFR activation did not affect the level of XIAP. Thus, upregulated survivin expression in EGF-treated cells may play a key role in inhibiting caspase activity and creating resistance to apoptosis. Although the role of survivin in blocking caspase-9 activity has been elucidated, there is no structural evidence showing a direct interaction between survivin and caspase-3 (33) . It is possible that survivin may interact with XIAP or other proteins, such as p21, to enhance the inhibitory effect on caspase-3 (36, 37) .
A recent study also showed that treatment of human ovarian cells with paclitaxel transiently induced EGFR phosphorylation and PI3K activation, resulting in an increase in the level of survivin expression. Inhibition of either the EGFR or PI3K pathway was found to enhance the apoptotic cell death induced by paclitaxel (13) . Up-regulation of survivin gene expression in human cancer cells after paclitaxel or docetaxel treatment has been reported by several laboratories, including ours (13, 14, 38) . It was also demonstrated that treatment of human cancer cells by way of survivin siRNA down-regulated survivin expression and was able to sensitize cells to paclitaxel-induced cell death (38) . Establishment of a clear link between EGFR signaling and survivin up-regulation in the apoptotic response to chemotherapy drugs will provide us with new information and a justifiable rationale for targeting this signaling pathway in the development of novel therapeutic approaches.
At present, how EGFR signaling leads to the expression of the survivin gene is still unclear. It has been shown that activation of the PI3K pathway by EGFR signaling leads to survivin upregulation (12, 13) . Results of our study also showed that inhibition of the PI3K pathway blocked EGF-induced survivin upregulation in human breast cancer cell lines. However, the basal level of survivin expression was not affected even when the level of p-AKT was completely inhibited by a PI3K inhibitor, suggesting that the mechanism for constitutive expression of survivin may be different from EGF-induced survivin gene transcription. Although the role of PI3K/AKT in up-regulation of survivin expression has been established, we found that the effect of MAPK on survivin expression differs among breast cancer cell lines. Inhibition of the MAPK pathway blocked survivin gene up-regulation in SK-BR-3 but not in MCF-7 cells.
The PI3K/AKT pathway has been associated with important cellular pathways controlling cell proliferation and survival (39) . To develop therapeutic approaches targeting EGFR signaling-induced apoptosis-resistant cancer cells, it is crucial to determine how activation of PI3K/AKT activity leads to survivin gene transcription. Previous studies have revealed another link between EGFR signaling and up-regulation of HIF-1␣ protein synthesis mediated by activation of PI3K/AKT (19, 40) . Our laboratory recently demonstrated that survivin promoter activity was up-regulated in hypoxic tumor cells (23) . By further analysis of the survivin core promoter sequences, we have now identified a putative HRE consensus 5Ј-GCGTG-3Ј region located in Ϫ81 to Ϫ85 nt of the 5Ј-flanking region of the survivin gene. Therefore, we believed it possible that transcriptional activation of survivin gene expression by EGF is mediated by HIF-1␣. Our present study results demonstrated that the levels of both HIF-1␣ and survivin are significantly increased in EGF-treated, normoxic tumor cells. We further determined that HIF-1␣ is indeed a key transcription factor for EGFR signaling-activated survivin gene expression, since down-regulation of HIF-1␣ using HIF-1␣ siRNA significantly reduced the level of survivin expression in human cancer cells. Maintaining the level of HIF-1␣-activated survivin seems to be very important for survival of normoxic tumor cells, since overexpression of HIF-1␣ siRNA alone resulted in activation of caspase activity and apoptosis in about 70% of the breast cancer cells. In addition, HIF-1␣ siRNA also markedly enhanced apoptotic cell death in docetaxel-treated tumor cells, even after EGF stimulation.
The results of our study have demonstrated, for the first time, that there is cross-talk between EGFR and HIF-1␣ signaling pathways that can up-regulate survivin gene expression and increase resistance to apoptosis. First, we showed that overexpression of the HIF-1␣ gene activates survivin promoter activity and the level of the protein. Using ChIP and modified McKay assays, we determined that there is a direct interaction between HIF-1␣ and the survivin promoter, thus finding that the transcriptional activity of HIF-1␣ is highly likely to activate survivin gene transcription. HIF-1␣ has been previously defined as a hypoxia-inducible transcriptional factor, and its role in normoxic tumor cells remained largely unclear. Our results provide direct evidence that HIF-1␣ is able to bind to HRE sites and activate HRE-mediated gene transcription under normoxic conditions in human tumor cells. In another study, we found that hypoxia-induced HIF-1␣ up-regulation could also activate survivin gene expression using a similar mechanism. 3 Currently, the precise mechanism for HIF-1␣-mediated transcriptional activation of the survivin gene is under investigation in our laboratory.
In this study, we found that EGF stimulation does not induce survivin expression in normal mammary epithelial cells. Moreover, overexpression of the HIF-1␣ gene activated survivin promoter activity and increased the level of survivin protein in breast cancer cell lines but not in normal cells, suggesting the presence of transcriptional inhibitory factor(s) in normal cells, preventing activation of the survivin promoter by HIF-1␣. At present, we are conducting studies to identify the transcriptional factors involved in the tumor cell-specific activation of survivin gene expression.
In conclusion, we have identified a novel pathway that mediates resistance to apoptosis in EGFR signal-activated human tumor cells. Our results have demonstrated that activation of the EGFR signaling pathway leads to the up-regulation of HIF-1␣ through the PI3K/AKT pathway. We revealed that HIF-1␣ directly binds to the survivin promoter to activate gene transcription, resulting in resistance to apoptosis in normoxic, EGFR signalactivated tumor cells ( Fig. 8 ). Since activation of the EGFR signaling pathway and the presence of hypoxic tumor regions are commonly found in solid tumors, it is possible that coexistence of activation of those two conditions makes tumor cells highly resistant to apoptosis through HIF-1␣-mediated up-regulation of survivin as well as other factors. Results from our study further highlight the importance of HIF-1␣-mediated expression of survivin in tumor progression and resistance to therapy. Additionally, our results provide a strong rationale for the development of novel approaches targeting HIF-1␣ for prevention of tumor progression as well as for cancer therapy, alone or in combination with other chemotherapeutic agents. Thus, the benefits from elucidation of this most likely common pathway that can function in both normoxia and hypoxia should eventually lead to much improved control and treatment of breast and other cancers.
